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with a minimal volume of virus for 1.5 hrs at 37ºC with occasional rocking. Virus was 7 removed and cells were washed before 10% FBS media was replenished. Samples were 8 harvested at various hours post-infection (hpi) and total RNA isolated using Trizol 9 (Invitrogen, Carlsbad, CA) according to the manufacturer's directions. 10
Stem-loop RT-PCR. HSV-1 miRNA expression levels were analyzed using the TaqMan 11
MicroRNA Assay system (Applied Biosystems, Foster City, CA), according to 12 manufacturer's directions, using 10 ng of total RNA per RT reaction. All miRNA levels 13 are given as fold expression compared to an uninfected control sample (27). In these 14 experiments, RNA from subject 3, which was VZV positive, but HSV-1 negative, was 15 used as the HSV-1 uninfected control. All values were normalized against levels of the 16 ubiquitous cellular miRNA miR-16 and all samples were run in triplicate. Custom 17 primers for detecting each miRNA were designed by Applied Biosystems against the 18 most common isoform of each miRNA recovered during deep sequencing.
Results

20
Deep sequencing of small RNAs from human TG latently infected with HSV-1 21 and/or VZV. TG were harvested from 3 recently deceased humans who did not present 22 any symptoms of viral reactivation at the time of death (Table 1) . The left and right TG of 23 on July 10, 2017 by guest http://jvi.asm.org/
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Umbach Page 8 each subject were individually assayed for the presence of both the HSV-1 and VZV 1 genome by real-time PCR; both TG of subjects 1 and 2 were found to harbor HSV-1 and 2 VZV genomic DNA, while subject 3 contained only VZV DNA (Table 2) . 3
Deep sequencing returned 3,086,881 usable reads from subject 1, 9,152,800 reads 4 from subject 2 and 4,063,968 reads from subject 3. As neurons comprise only ~10% of 5 all cells in the TG, and only a small percentage of neurons are actually latently infected 6 by either HSV-1 or VZV (10), the vast majority of sequences recovered proved, as 7 expected, to be human cellular miRNAs. Members of the let-7 family were the 8 predominant species detected, in particular isoforms let-7a, let-7b, let-7f and let-7c (data 9 not shown). 10
Identification of HSV-1 miRNAs expressed in vivo. Deep sequencing of TG from 11 subject 1 recovered all five HSV-1 miRNAs previously reported to be expressed in 12 latently infected murine neurons (40), except miR-H5, while all five latency miRNAs, 13 including miR-H5 (albeit only one copy), were recovered from subject 2 ( Table 3 ). The 14 HSV-1 miR-H1 miRNA, which has previously only been detected in cells undergoing 15 productive HSV-1 replication (11, 39), was not recovered in this analysis of latently 16 infected human TG. 17
In addition to finding all HSV-1 latency miRNAs previously reported (40), two 18 new LAT-derived miRNAs were also recovered and are designated here as miR-H7 and 19 miR-H8 (Table 3) . miR-H7 was recovered from both subjects 1 and 2, while miR-H8 was 20 only recovered from subject 2. The loci encompassing both miRNAs can be folded into 21 the stem-loop structures typical of miRNA precursors (25, 44), and recovery of mature 22 miRNAs derived from both the 5' (5p) and 3' (3p) arms confirms that, when annealed, 23
on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from Umbach Page 9 they display the 2-nt 3'-overhangs characteristic of miRNA duplex intermediates ( Fig.  1 1A) (25), suggesting that these are indeed genuine miRNAs. The genomic locations of 2 these miRNAs place them within LAT, antisense to intron 1 of ICP0 (Fig. 1B) . No HSV-1 3 miRNAs were recovered from subject 3, whose TG did not contain detectable HSV-1 4 genomic DNA (Table 2) . 5
Expression of HSV-1 miRNAs in latently and productively infected cells. The 6
presence of all HSV-1 miRNAs was analyzed by qRT-PCR in the original HSV-1 + TG 7 samples used for deep sequencing ( Fig. 2A) . miR-H2 through miR-H7 were found to be 8 present at readily detectable levels, with miR-H2 being the most abundant miRNA in 9 subject 1, and miR-H4-3p the most abundant miRNA in subject 2 ( Fig. 2A) . Despite 10 being able to recover miR-H8, albeit infrequently, from subject 2, this miRNA was not 11 detectable by qRT-PCR using RNA recovered from either subject 1 or subject 2.
12 Surprisingly, miR-H1 was detected, although at a low level, in subject 1, suggesting 13 either that some neurons were undergoing viral reactivation at the time of post-mortem 14 sample collection, despite the absence of a visible rash ( Table 1 ), or that low levels of 15 miR-H1 are expressed in latently HSV-1 infected cells. 16 HSV-1 miRNA expression was also assessed by qRT-PCR in productively 17 infected SY5Y cells, a neuronal cell line of human origin. At both 6 and 18 hpi, all nine 18 HSV-1 miRNAs, miR-H1 through miR-H8, were detectable, with miR-H1 being the most 19 abundant, as expected (11, 39), and miR-H8 being the least abundant (Fig. 2B) . miR-H6, 20 which is induced during productive replication (40), was also detected at elevated levels. infected HeLa and Vero cells demonstrated that all nine HSV-1 miRNAs were also 2 expressed in these cell lines during productive replication (Fig. 2C and D) . 3
No VZV miRNAs were identified in latently infected human TG. Despite being able 4
to recover large numbers of latency-associated HSV-1miRNAs (Table 3) , no VZV-5 derived small RNAs were identified from any of the three human subjects analyzed here. 6
In agreement with these findings, Solexa/Illumina deep sequencing of small RNAs 7 derived from TG recovered from rhesus macaques latently infected with simian varicella 8 virus (SVV), the primate equivalent of VZV, yielded 1,420,064 usable reads, but again 9 did not yield any small RNAs of SVV origin (J. L. Umbach, I. Messaoudi and B. R. 10
Cullen, unpublished observations). Together, these results suggest that both VZV and 11 SVV fail to express viral miRNAs during latency in vivo. 12
Discussion 13
Although HSV-1 and VZV both readily establish productive infections in culture, 14 these viruses are only able to establish latency in primary neurons, an environment that 15 has so far proven impossible to fully recapitulate in culture. While HSV-1, but not VZV, 16
can also establish latency in vivo in the sensory ganglia of laboratory animals such as 17 mice and rabbits, these model systems do not faithfully mimic the latent infections seen 18 in humans, the only natural host for HSV-1. We therefore felt that it was important to 19 assess the miRNA profile of these viruses in Using latently infected human TG obtained post-mortem, we were able to identify 1 two new HSV-1 miRNAs (Fig. 1A and Table 3 ). One of these novel HSV-1 miRNAs, 2 miR-H7, was verified to exist in both latently and productively infected cells by qRT-3 PCR (Fig. 2) , while the other miRNA, miR-H8, was only detected in productively 4 infected cells, even though it was initially sequenced from latently infected TG (Table 3 , 5 Fig. 2) . Overall, there was only a modest level of correlation in miRNA expression levels 6 as determined by deep sequencing (Table 3) or qRT-PCR ( Fig. 2A) . This may reflect 7 differences in linker ligation efficiency during cDNA synthesis, differential PCR 8 amplification of the cDNA library during sample preparation and sequencing and/or the 9 differential annealing efficiency of the primers used for the qRT-PCR analysis. 10
The genomic locations of miR-H7 and miR-H8 place both antisense to the first 11 intron of ICP0 (Fig. 1B) . This location suggests that they are unlikely to downregulate 12 ICP0 expression as reported for miR-H2, which lies antisense to an exonic region of 13 ICP0 (Fig. 1B) , as RNA interference is thought to operate exclusively in the cytoplasm1 cDNA sequence reads, this analysis was still not sensitive enough to detect VZV 2 miRNAs, even though ~3000 HSV-1 miRNAs were recovered from the same samples 3 (Table 3) . As is commonly the case in co-infected TG, the HSV-1 viral genomic DNA 4 load was modestly higher than that of VZV (Table 2 ) (10), but this minor difference 5 seems unlikely to explain the lack of VZV miRNAs reported here. Interestingly, a 6 previously reported computational analysis of the genomes of HSV-1, HSV-2 and VZV, 7 as well as several other herpesviruses, predicted that HSV-1 and HSV-2 would encode 8 multiple viral miRNAs but that VZV was unlikely to produce viral miRNAs in infected 9
cells (32). 10
It should also be noted that the mechanism underlying VZV latency is thought to 11 differ significantly from that seen in HSV-1. During HSV-1 latency, the only transcript 12 expressed at significant levels is the LAT, which is contained within the repeat regions of a: Major species of each HSV-1 miRNA comprising ≥10% of the total mature miRNA population are included. Data were pooled from subjects 1 and 2.
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